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ABSTRACT 
A h e a t  p ipe  wi th  v a r i a b l e  dimensions w a s  designed f o r  t h e  s tudy  of 
s teady  s ta te  and t r a n s i e n t  h e a t  p ipe  performance us ing  d i f f e r e n t  f l u i d s  
and wicking materials. 
An open ended dewar w a s  designed and cons t ruc t ed  for housing t h e  
h e a t  p ipe  system. The maximum leng th  o f  wicking material w a s  82 c m ;  
t h i s  d i s t a n c e  w a s  considered t h e  maximum length  o f  h e a t  transfer re- 
qu i r ed  i n  f u t u r e  space  s u i t s .  
used i n  t h e  wicking chamber. 
D i s t i l l e d  water w a s  t h e  t r a n s f e r  medium 
The h e a t  i n p u t  t o  t h e  dewar w a s  supp l i ed  by e lectr ic  h e a t e r s .  C i r -  
c u l a t i o n  of coo l  water was used t o  remove h e a t  from t h e  condenser end 
of  t h e  dewar. Approximately 45 thermocouple p o i n t s  were used f o r  meas- 
u r ing  important  temperatures  i n  t h e  system. 
The maximum h e a t  t r a n s f e r  c a p a b i l i t y  cw wick "burn out" p o i n t ,  
was 10 watts with a wick length  of  81.9 c m  and ope ra t ing  temperatures  
of 26.7OC (8OOF) +5OC. For t h e  Refrasil #Cl00-28 used, t h e  1 0  w a t t  
"burn out"  p o i n t  corresponds t o  0.594 watts p e r  c m  width of t h e  w i c k .  
w a s  0.361 cm3/min-cm2. 
cm3/min-cm2 range p red ic t ed  by h o r i z o n t a l  wicking tests performed by 
t h e  au thor  on t h e  R e f r a s i l  #C100-28. 
The r equ i r ed  t r a n s p o r t  rate p e r  cm2 area a t  "burn out" (10 watts)  
This  va lue  w a s  w e l l  w i th in  t h e  0.299 t o  0.424 
Throughout t h e  e n t i r e  wicking chamber, a maximum temperature  va r i -  
a t i o n  o f  + P C .  w a s  encountered du r ing  normal h e a t  p ipe  opera t ion .  
t r a n s i e n t  temperature  l a g  from one end o f  t h e  wicking chamber t o  t h e  
o t h e r  end w a s  observed d u r i n g  h e a t  i n p u t  changes. Apparently t h e  t i m e  
cons t an t s  of t h e  h e a t  i n p u t  changes were much l a r g e r  than  t h e  tempera- 
t u r e  e q u a l i z i n g  t i m e  cons t an t  of t h e  wicking chamber. 
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1. INTRODUCTION 
During f u t u r e  space exp lo ra t ion ,  a s t ronau t s  w i l l  remain i n  o u t e r  
Ext ravehicu lar  t a s k s  w i l l  be per -  space f o r  extended per iods  of  time. 
formed by t h e  a s t ronau t s  and t h e i r  only p r o t e c t i o n  from t h e  surrounding 
space w i l l  be a space s u i t .  
A thermoregulatory system w i l l ,  by n e c e s s i t y ,  be incorpora ted  i n  t h e  
space s u i t .  
mosphere immediately surrounding t h e  a s t ronau t  ( t h e  space between t h e  
a s t r o n a u t ' s  body and t h e  innqr  l a y e r  of t he  space s u i t )  and, i n  gene ra l ,  
t o  provide a s a t i s f a c t o r y  thermal  environment f o r  him. 
Its purpose w i l l  b e  t o  con t ro l  t he  temperature  of the  at- 
A t  p r e s e n t ,  l i q u i d  cooled undergarments are used f o r  t h e  tempera- 
t u r e  r e g u l a t i o n .  An i n t r i c a t e  system of  va lves ,  pumps, and a u x i l i a r y  
equipment is  r equ i r ed .  Need f o r  a more e f f i c i e n t ,  less  complicated,  
and se l f - con ta ined  thermoregulatory system seems apparent .  
A new system must be capable of r e j e c t i n g  h e a t  f r Q m  t h e  space s u i t  
and of t r a n s f e r r i n g  h e a t  from one p a r t  o f  t h e  s u i t  t o  another  p a r t .  
The h e a t  r e j e c t i o n  could be e i t h e r  by r a d i a t i o n  t o  o u t e r  space or by 
h e a t  exchange with a porous p l a t e  subl imator .  
A h e a t  p ipe  system f o r  t r a n s f e r r i n g  hea t  has many advantages over 
t h e  water-cooled undergarment. F i r s t ,  t h e  h e a t  p ipe  is a completely 
c losed  system and needs no recharging af ter  i n i t i a l  assembly. Heat 
conducting c a p a b i l i t i e s  of 100 t o  1000 times t h a t  Qf t h e  b e s t  conducting 
metals can be obtained us ing  h e a t  p ipes .  There e x i s t s  no need €or pumps, 
compressors, or a u x i l i a r y  equipment during the  ope ra t ion  o f  t he  h e a t  
p ipe .  If a temperature  d i f f e r e n c e  e x i s t s  between t h e  ends of t h e  h e a t  
p ipe ,  h e a t  w i l l  be  t r a n s f e r r e d  down (evapora tor  t o  condenser) t h e  p ipe .  
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Regardless of t h e  h e a t  pipe o r i e n t a t i o n  , r e l a t i v e  t o  t h e  g r a v i t a t i o n a l  
f i e l d ,  t h e  p ipe  w i l l  t r a n s f e r  h e a t  i n  e i t h e r  d i r e c t i o n  as long as a 
wicking assembly i s  p resen t  t o  r e t u r n  t h e  l i q u i d  t o  t h e  hea ted  end, 
The h e a t  p ipe  i s  p a r t i c u l a r l y  s u i t a b l e  €or "hard" s u i t s  now under con- 
s i d e r a t i o n  for f u t u r e  space exp lo ra t ion .  
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2.  HEAT PIPE OPERATION 
There are t h r e e  d i s t i n c t  p o r t i o n s  or s e c t i o n s  t o  a h e a t  p ipe ;  
1. 
2.  a m a s s  (vapor s ta te )  t r a n s f e r  and a m a s s  ( l i q u i d  s t a t e )  
a h e a t  i n p u t  (evapora tor )  s e c t i o n ,  
r e t u r n  s e c t i o n ,  and 
3 .  a h e a t  r e j e c t i o n  (condenser)  s e c t i o n .  
The h e a t  i n p u t  evaporates  t h e  l i q u i d  t o  t h e  t r a n s f e r  s e c t i o n .  
A s  a r e s u l t  of a very s m a l l  p r e s su re  g r a d i e n t ,  t h e  vapor is  f o r c e d  down 
t h e  p ipe  t o  t h e  h e a t  r e j e c t i o n  s e c t i o n  where t h e  vapor is condensed. 
E i t h e r  by c a p i l l a r y  a c t i o n  or g r a v i t a t i o n a l  f eed ,  t h e  l i q u i d  is then 
c a r r i e d  back t o  t h e  h e a t  i n p u t  s e c t i o n  f o r  r ecyc l ing .  
When c a p i l l a r y  a c t i o n  is requ i r ed  f o r  r e t u r n i n g  t h e  l i q u i d  t o  t h e  
h e a t  i n p u t  s e c t i o n ,  some type of wicking material must be  used. The 
wicking materials normally used are: f i n e  w i r e  s c r e e n s ,  porous s o l i d  
materials, and n a t u r a l  or s y n t h e t i c  c l o t h s .  
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3 .  GENERAL THEORY 
The h e a t  p ipe  considered i n  t h i s  paper  is shown i n  Fig. 1. The 
double open-ended dewar i s  assumed t o  b e  a p e r f e c t  i n s u l a t o r  i n  t h e  
r a d i a l  d i r e c t i o n .  
f e r r e d  a x i a l l y  down t h e  dewar. The major design cons idera t ion  f o r  t h e  
s e t u p  was t o  provide means f o r  t h e  eva lua t ion  o f  wick  performance wi th  
a w e l l  def ined  t r a n s f e r  length  wi th in  t h e  h e a t  p ipe .  
All h e a t  added at t h e  h e a t  i n p u t  s e c t i o n  is  t r ans -  
A temperature  g r a d i e n t  of  less than s ” C  e x i s t e d  over  t h e  e n t i r e  
length  o f  t h e  m a s s  t r a n s f e r  s e c t i o n .  This  nea r ly  cons t an t  temperature  
e x i s t e d  because of t h e  very small p re s su re  g r a d i e n t  down t h e  length  of  
t h e  t r a n s f e r  s e c t i o n .  
The power t r a n s f e r  c a p a b i l i t y  of  a h e a t  p ipe  depends on t h e  f o l -  
lowing b a s i c  parameters : 
i. t h e  c a p i l l a r y  pumping head AP 
t h e  vapor p re s su re  drop AP 




L ’  
i v .  t h e  g r a v i t y  head AP Cllf;. 
g 
There also is  a p res su re  drop t e r m  caused by a momentum change i n  t h e  
flow of t h e  r e t u r n i n g  l i q u i d .  This  term, however, i s  n e g l i g i b l e  when 
compared t o  t h e  o t h e r  f o u r  terms C21. From a p res su re  ba lance  s tand-  
p o i n t  only,  t h e  equat ion  f o r  h e a t  p ipe  ope ra t ion  is 
AP > AP t APL t AP . 
c -  V g 
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I n  o t h e r  words, t he  a v a i l a b l e  pumping head must b e  s u f f i c i e n t  t o  over- 
come t h e  p re s su re  l o s s e s  caused by vapor t r a n s p o r t ,  and by t h e  viscous 
drag  o f  t h e  r e t u r n i n g  l i q u i d .  Gravi ty  can a i d  or h inde r ,  depending on 
t h e  o r i e n t a t i o n  of  t h e  evapora tor  with r e s p e c t  t o  t h e  candenser.  The 
fol lowing theory i s  p a t t e r n e d ,  i n  pa r t ,  after Feldman's [31 a n a l y s i s  
of  h e a t  p ipe  opera t ion .  
3 .1  CAPILLARY PUMPING I N  WICK 
The c a p i l l a r y  pumping t e r m ,  bPc, may be  w r i t t e n  
where (T is  t h e  s u r f a c e  t e n s i o n  of  t h e  l i q u i d ,  Q is t h e  l i q u i d  con tac t  
angle  a t  t h e  evapora tor  s e c t i o n ,  e is  t h e  l i q u i d  con tac t  angle  a t  t h e  
condenser s e c t i o n  
evapora tor  s e c t i o n ,  and rc i s  t h e  e f f e c t i v e  r ad ius  of t h e  wick pore a t  
t h e  condenser s e c t i o n .  
e 
C 
is t h e  e f f e c t i v e  r a d i u s  of t h e  w i c k  pore a t  t h e  ' re 
The maximum value  of E q .  ( 2 )  is obta ined  when 8 = Oo , 8 = 90° e C 
and r 
b e comes 
is t h e  a c t u a l  pore r ad ius  of t h e  wicking material. EquatiQn ( 2 )  e 
20 
c max AP 
where r = r . e 
3.2 VISCOUS LOSSES I N  VAPOR 
(3) 
Pressure  Losses caused by vapor flow i n  t h e  heat p ipe  qay be 
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determined by using e x i s t i n g  theory fo r  e i t h e r  laminar  or t u r b u l e n t  
flow i n  p ipes  C4], 
it  w a s  found t o  be n e g l i g i b l e  when cpmpared t o  o t h e r  p re s su re  losses 
i n  t h i s  h e a t  p ipe .  
When t h e  vapor flow p res su re  drop w a s  c a l c u l a t e d ,  
3 . 3  VISCOUS LOSSES I N  L I Q U I D  
Flow rates and v e l o c i t i e s  encountered wi th  c a p i l l a r y  flow i n  wicks  
may be assumed t o  be lqminar* and r e l a t i v e l y  f r e e  from i n e r t i a l  effects. 
Darcy’s Law C5l f o r  flow through porous media then  can be appl ied  t o  
y i e l d  
where p i s  t h e  l i q u i d  v i s c o s i t y ,  L i s  t h e  wicking material l eng th ,  m 
is  t h e  l i q u i d  mass flow rate ,  p is  t h e  l i q u i d  d e n s i t y ,  K is t h e  wick 
permeabi l i ty ,  A i s  t h e  t o t a l  cross s e c t i o n a l  area of t h e  wick, and v 
is the  volume flow r a t e .  
* 
3.4 GRAVITATIONAL FIELD EFFECTS 
The g r a v i t a t i o n a l  f i e l d  can a i d ,  h inde r ,  or have no e f f e c t  on t h e  
l i q u i d  flow i n  t h e  wick. 
t h e  evapora tor  and condenser s e c t i o n s  r e l a t i v e  t o  t h e  d i r e c t i o n  of t h e  
g r a v i t a t i o n a l  f i e l d .  
wick caused by g r a v i t y  i s  
This effect depends upon t h e  o r i e n t a t i o n  of 
The gene ra l  equat ign f o r  t h e  p re s su re  loss i n  t he  
“For t h e  h e a t  p ipe  considered i p  t h i s  r e p o r t  
56.3 and 14.5 f o r  t h e  water flow i n  t h e  R e f r a s i l  and t h e  vapor flow i n  
t h e  wicking chamber, r e spec  Lively. 
t h e  Reynolds numbers were 
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where p is the  l i q u i d  d e n s i t y ,  L is t h e  wick l e n g t h ,  g is  t h e  acce ler -  
a t i o n  of g r a v i t y ,  m d  4, is t h e  angle  between t h e  h e a t  p ipe  ax i s  and t h e  
g r a v i t a t i o n a l  f i e l d  as shown i n  Fig.  1. The a l g e b r a i c  s i g n  i n  Eq. ( 5 )  
is 
(+ )  when t h e  evapora tor  i s  above t h e  condenser i n  t h e  g r a v i t a t i o n a l  
f i e l d  (h inders  1 , 
(-1 when t h e  condenser is above t h e  evapora tor  i n  the  g r a v i t a t i o n a l  
f i e l d  ( a i d s ) ,  
and when t h e  evapora tor  and t h e  condenser are i n  a h o r i z o n t a l  p lane  
g rav i ty  has no e f f e c t ,  t h e  term is  zero. 
The g r a v i t a t i o n a l  e f f e c t s  on the  vapor flow a r e  neglec ted  i n  t h i s  
r e p o r t ,  s i n c e  the  d e n s i t y  of t h e  vapor i s  approximately 4000 times l e s s  
than t h a t  of t he  l i q u i d  a t  26OC.  
3.5 MAXIMUM FLOW RATE I N  THE WICK 
By s u b s t i t u t i n g  Eqs. (31, (41, and ( 5 )  i n t o  Eq. (l), t h e  maximum 
€low rate is obtained as 
If the  h e a t  p ipe  i s  hor iaon*al ,  Eq.  ( 6 )  reduces t o  
s i n c e  Cp = 90°. 
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For given ope ra t ing  condi t ions  , wicking f l u i d ,  and wicking material 
0, p, 1-1, K ,  A ,  and r are cons tan t  and E q .  ( 7 )  becomes 
. mL = - -  lL'PKA - ;p~ = c = cons tan t ,  u r  
3.6 MAXIMUM MEAT TRANSFER RATE 
Because t h e  ra te  o f  h e a t  t r a n s f e r  a t t r i b u t e d  t o  l a t e n t  h e a t  t r a n s -  
p o r t  is l a r g e  and t h e  temperature  g rad ien t  a long t h e  h e a t  p ipe  is small, 
conduction, r a d i a t i o n ,  and s e n s i b l e  convection h e a t  t r a n s f e r  w i l l  b e  
n e g l i g i b l y  small. Therefore ,  assuming a l l  thermal  energy i s  t r a n s -  
f e r r e d  as l a t e n t  h e a t ,  t h e  h e a t  t r a n s f e r  ra te  is 
Q = ;nh = Gphfg , f g  
where h i s  t h e  l a t e n t  h e a t  of vapor iza t ion  a t  t h e  ope ra t ing  p res su re  
and temperature  o f  t h e  system. 
f g 
Combining E q s .  ( 6 )  and (9), t he  maximum h e a t  t r a n s f e r  rate becomes 
If t h e  h e a t  p ipe  is  hQr izon ta1 ,  E q ,  (10) reduces t o  
Q = (-) hfg (11) 
s i n c e  Cp = 90°. 
10 
The fol lowing assumpt$,ons were made i n  ob ta in ing  Eqs  . (10) and 
1. Gravity effects on vapor flow are n e g l i g i b l e ,  
2. Liquid flow i n  wick c a p i l l a r i e s  is  laminar .  
3 .  Viscous vapor flow l o s s e s  are n e g l i g i b l e .  
4. Conduction, r a d i a t i o n ,  and s e n s i b l e  convection h e a t  t r ans -  
fer along the  h e a t  p ipe  a r e  n e g l i g i b l e .  
5. Liquid p r o p e r t i e s  are c o n s t m t  along t h e  h e a t  p ipe .  
6 .  Flow and h e a t  t r a n s f e r  are e s s e n t i a l l y  one-dimensianal. 
7. Wick i s  uniform and evenly s a t u r a t e d .  
8. Heat transfer i s  uniform over  t h e  evapora tor  and condenser 
surfaces. 
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4. EXPERIMENTAL WORK 
4 . 1  HEAT PIPE DESIGN;'; 
D e w a r  
A 7.62 c m  i n s i d e  diameter ,  8.90 c m  o u t s i d e  d iameter ,  and 101.5 c m  
long  double open-ended, s i l v e r e d  glass dewar was used t o  con ta in  t h e  
e n t i r e  tes t  se tup .  
u s ing  concen t r i c  g l a s s  cy l inde r s  wi th  a high vacuum between them and 
s e a l e d  on t h e  ends.  This  vacuum, between t h e  s i l v e r e d  s u r f a c e s ,  pro- 
vided t h e  necessary i n s u l a t i o n  between t h e  h e a t  t r a n s f e r  area and t h e  
surrounding atmosphere<. The t h r e e  main elements of t h e  h e a t  p ipe  
prev ious ly  mentioned were then  f i t t e d  i n s i d e  t h i s  dewar with a com- 
b i n a t i o n  of O-rings and gaske ts  s e a l i n g  a x i a l l y  down t h e  dewar. 
r a d i a l  connection between t h e  i n s i d e  of t h e  dewar gnd t h e  e x t e r i o r  w a s  
provided.  This  connect ion w a s  x e d e d  t o  allow charging t h e  wicking 
chamber with t h e  d e s i r e d  t r a n s f e r  medium or f l u i d  and t o  provide access 
t o  t h e  wicking chamber f o r  thermocouple wires. 
The i n s i d e  and o u t s i d e  diameters  were a t t a i n e d  by 
A 
Heat Inpu t  Sec t ion  (Evaporator)  
The main requirement  he re  w a s  t o  have a h e a t  i n p u t  wbich could be  
measured accu ra t e ly .  The f i n a l  system chosen w a s  t o  use two e lec t r ica l  
h e a t e r s .  The main h e a t e r ,  c l o s e r  t o  t h e  h e a t  t r a n s f e r  area, was used 
for t h e  t o t a l  h e a t  i npu t  and t h e  d i s t a n t  guard h e a t e r  was w e d  t o  
$ * I n i t i a l  design of t h e  h e a t  p ipe  w a s  by Prof .  John C.  Chato o f  t h e  
Univers i ty  o f  I l l i n o i s ,  Urbana, I l l i n o i s .  
? Unsilvered window s t r i p s  allowed inspec t ion  of  t h e  i n t e r i o r  after 
assembly. 
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minimize h e a t  f l u x  i n  t h e  outward a x i a l  d i r e c t i o n .  
i n p u t  wattage t o  t h e  main h e a t e r ,  an accu ra t e  measurement of h e a t  in -  
p u t  t o  t h e  system could b e  obta ined .  
t r i c a l  energy from v a r i a b l e  t ransformers  and t h e  wattage i n p u t s  were 
measured by wattmeters ( s e e  Fig. 2 ) .  
By measuring t h e  
Both h e a t e r s  were supp l i ed  elec- 
Heat Transfer  Sec t ion  (Wicking Chamber) 
The wicking  material used w a s  R e f r a s i l  #ClOO-28. T h i s  material 
had a water l i f t  rate and h o r i z o n t a l  t r a n s f e r  rate': which were deemed 
t h e  b e s t  from p a s t  exper ience .  
Rather t han  a r r ang ing  t h e  wicking material i n  a c y l i n d r i c a l  
f a s h i o n ,  concen t r i c  w i th  t h e  dewar as is  normally done, it w a s  decided 
t o  assemble t h e  wicking material ie f o u r  h o r i z o n t a l  l a y e r s .  
c e n t e r  s t r i p s  were 5 . 0  c m  wide whi le  t h e  top  and bottom s t r i p s  were ap- 
proximately 3.8 c m  wide. This arrangement e l imina ted  any g r a v i t a t i o n a l  
effects on a given c ross  s e c t i o n  whi le  t h e  dewar was maintained i n  a 
h o r i z o n t a l  a t t i t u d e .  Also a wicking cage was u t i l i z e d  for suspending 
t h e  Refrasil ( s e e  Fig. 3 ) .  This  cage cons i s t ed  of f o u r  t e f l o n  d i s k s ,  
two s t a i n l e s s  s tee l  rods ,  and t h r e e  in t e rmed ia t e  suppor t s .  The t h r e e  
in t e rmed ia t e  suppor t s  were r e q u i r e d  because t h e  wicking cage w a s  t h e  
The two 
primary device  s e p a r a t i n g  t h e  two aluminum d i s k s .  Since a vacuum of  
approximately mm o f  Hg. was p u l l e d  i n  t h e  chamber between t h e  d i s k s ,  
t h e  wi&ing cage was r e q u i r e d  t o  suppor t  a l o a d  of approximately 100 
pounds i n  compression. F i n a l l y ,  c i rcular  s e c t i o n s  of Refrasil  were at- 
tached  t o  t h e  i n s i d e s  of t h e  aluminum d i s k s  f o r  t h e  purpose of 
';See p. 27 f o r  a p l o t  o f  Transfer  Distance vs. T i m e  f o r  t h e  Refras i l  
#C100-28 and o t h e r  Refrasils commonly used. 
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Note : 9 Indicates Location of  Thermocouple Points 
Refrasi I Distribution Layer 
Tef Ion Reta h e r  Disks 
Threaded Locating Rods 
Attaching Strip for Wicking 
Materia I Ends 
Refrasil Wicking Layers 
Wicking Length L 
Figure 3. Wicking Cage Assembly 
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e q u a l i z i n g  t h e  d i s t r i b u t i o n  of f l u i d  on each d i s k .  These s e c t i o n s  o f  
Refrasil  were l i g h t l y  spot-epoxied t o  t h e  aluminum d i s k s .  
Heat Removal Sec t ion  (Condenser) 
The h e a t  t r a n s f e r r e d  down t h e  dewar by t h e  wicking chamber w a s  
d i s s i p a t e d  through t h e  condenser aluminum d i s k .  After t h e  h e a t  was 
conducted through t h e  condenser aluminum d i s k ,  i t  w a s  removed by c i r -  
c u l a t i n g  coo l  water through t h e  condenser chamber and expending t h e  
water. An a l t e r n a t e  method, which w i l l  be  used i n  t h e  f u t u r e ,  uses a 
Freon i n  a l iqu id-vapor  s ta te  c i r c u l a t i n g  i n  a c losed  system. The 
c losed  system c o n s i s t s  o f  t h e  condenser end of t h e  dewar and a s t o r a g e  
tank ( see  Fig.  4 ) .  Copper cool ing  c o i l s  are l o c a t e d  i n s i d e  t h e  s t o r a g e  
tank and w i l l  b e  used t o  remove t h e  h e a t  from t h e  Freon s o  t h a t  t h e  
p r e s s u r e  of t h e  Freon i n  t h e  tank  remains wi th in  a reasonable  range 
and t h a t  t h e  temperature can be  c o n t r o l l e d  t o  remove a l l  t h e  hea t  t r a n s -  
f e r r e d .  
cool ing  c o i l s  s ince  t h e  c o i l s  are i s o l a t e d  completely from t h e  Freon 
i n s i d e  t h e  t ank .  
Water or any o t h e r  cool ing  agent  can be  c i r c u l a t e d  through t h e  
Temperature Measurement 
Temperatures throughout t h e  s y s  t e m  were measured by copper-con- 
s t a n t a n  thermocouple wires. 
i n  t h e  system were monitored. 
d i s k s  between t h e  two h e a t e r s  f o r  measuring t h e  g r a d i e n t  e x i s t i n g  t h e r e ,  
Next, thermocouples were p laced  ac ross  t h e  h e a t e r  aluminum d i s k  i n  
o r d e r  t o  determine t h e  temperature g r a d i e n t  f o r  h e a t  i n p u t  c a l c u l a t i o n s .  
Approximately f o r t y - f i v e  d i f f e r e n t  p o i n t s  
Thermocouples were p laced  ac ross  mica 
I n  t h e  wicking chamber, s i x  thermocouple p o i n t s  were d i s t r i b u t e d ,  two 
a t  each end and two d i s t r i b u t e d  down t h e  c e n t e r  o f  t h e  wick for 
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measuring tempera tures  and f o r  determining when "burn out" ( d e s i c c a t i o n  
o f  t h e  wick m a t e r i a l )  occurred. 
were used aga in  t o  determine t h e  temperature g r a d i e n t  f o r  determining 
t h e  h e a t  f l u x  o u t  o f  t h e  system. 
d u c t i v i t y  of t h e  aluminum d i s k s  w a s  made b e f o r e  t h e  system was assembled. 
A t  t h e  condenser end ,  thermocouples 
Accurate de te rmina t ion  of t h e  con- 
The product  o f  conduc t iv i ty  and temperature d i f f e r e n c e  i n d i c a t e d  t h e  
h e a t  f l u x .  
Wicking Chamber Manifold 
A manifold w a s  cons t ruc t ed  f o r  use wi th  t h e  wicking chamber. 
F i r s t ,  t h e  manifold had a l a r g e  vacuum valve  ( s e e  F ig .  5 )  which con- 
nec ted  t o  a vacuum system ( s e e  F ig .  6 )  capable o f  vacuums t o  l o q 6  mm 
o f  Hg. for evacuat ing  t h e  wicking chamber. A t r a n s f e r  p lug  was adap- 
t e d  
wicking chamber. 
charging t h e  chamber wi th  t h e  working f l u i d .  A union w a s  also adapted 
t o  t h e  manifold f o r  connecting a combination pressure-vacuum gage for 
t o  t h e  manifold for e x t r a c t i n g  t h e  thermocouple wires from t h e  
A small needle  va lve  was a t t a c h e d  t o  t h e  manifold f o r  
i n d i c a t i n g  t h e  p r e s s u r e  i n  t h e  chamber. Another union was adapl-cct to 
t h e  manifold f o r  making t h e  d i r e c t  connection t o  t h e  wicking chamber. 
The e n t i r e  manifold,  a long  wi th  t h e  valves and unions ,  was mounted t o  
t h e  dewar mounting s t a n d  n e a r  t h e  wicking chamber o u t l e t  tube  
Fig.  7 ) .  
were made through t h e  wicking chamber manifold. 
( s ee  
Then, a l l  o f  t h e  necessary connections t o  t h e  wicking chamber 
Temperature Recording 
A twenty-one p o i n t  Leeds and Northrup m i l l i v o l t  r e c o r d e r  was used 
( s e e  Fig. 2 ) .  S ince  a l l  f o r t y - f i v e  thermocouple p o i n t s  could n o t  b e  
recorded ,  t h e  most r e p r e s e n t a t i v e  p o i n t s  were chosen after monitoring 
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a l l  f o r t y - f i v e  p o i n t s  f o r  a pe r iod  o f  t i m e .  A po ten t iometer  was used 
t o  continuously monitor t h e  temperature g r a d i e n t  between t h e  main and 
guard h e a t e r s  s o  t h a t  t h e  guard h e a t e r  v a r i a b l e  t ransformer  could be  
ad jus t ed  t o  minimize t h e  h e a t  loss from t h e  main h e a t e r ,  
4 .2  I N I T I A L  TESTING PROCEDURE 
The wicking chamber was evacuated t o  an i n i t i a l  abso lu t e  p r e s s u r e  
of 8 x mm o f  Hg. However, under t h i s  first evacuat ion ,  t h e  wick- 
i n g  cage co l l apsed  by buckl ing  t h e  s t a i n l e s s  s t e e l  rod columns. After 
s u f f i c i e n t  s t r e n g t h e n i n g  of t h e  cage ,  t h e  chamber was evacuated t o  15 
x mm o f  Hg. S i x  hundred mi l l i l i t e rs  o f  d i s t i l l e d  water w a s  then  
i n j e c t e d  i n t o  t h e  chamber. This  l a r g e  amount o f  water proved t o  b e  
much more than  was necessary .  
During t h e  first a p p l i c a t i o n  of h e a t  t o  t h e  wicking chamber, no 
h e a t  w a s  t r a n s f e r r e d  t o  t h e  condenser end and a temperature d i s t r i b u t i o n  
of 5 t o  10°C w a s  e s t a b l i s h e d .  Much purging of t h e  wicking chamber was 
r equ i r ed  b e f o r e  t h e  temperature i n  t h e  chamber equa l i zed  and a tempera- 
t u r e  g r a d i e n t  ac ross  t h e  condenser aluminum d i s k  was e s t a b l i s h e d .  $; 
After e s t a b l i s h i n g  t h e  h e a t  f l u x ,  f u r t h e r  purging w a s  r equ i r ed  a t  about 
f i f t e e n  minute i n t e r v a l s .  Without t h i s  purging , t h e  temperature d i s -  
t r i b u t i o n  i n  t h e  wicking chamber widened and t h e  wicking material ap- 
peared t o  begin  "burn out" at less than 10 watts i n p u t  power. With t h e  
i n t e r m i t t e n t  purg ing ,  t h e  maximum h e a t  t r a n s p o r t  rg te  was approximately 
10  watts . 
$:Purging of t h e  wicking chamber w a s  performed by cracking  (opening 
very s l i g h t l y )  t h e  l a r g e  vacuum valve while t h e  mechanical vacuum 
pump was running. This  procedure drew o u t  of t h e  chamber t h e  non- 
condensible gases which had formed a b a r r i e r  between t h e  aluminum d i s k  
and t h e  newly evaporated water vapor. The va lve  was opened for 1 t o  
5 second d u r a t i o n s .  
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During t e s t i n g ,  h e a t  i npu t s  were va r i ed  from an i n i t i a l  zero watts 
t o  a maximum o f  60 watts a t  5 w a t t  i n t e r v a l s .  Each i n p u t  wat tage  w a s  
maintained u n t i l  a l l  temperature  i n  t h e  system s t a b i l i z e d .  
b i l i z a t i o n ,  t h e  h e a t  i npu t  was s tepped  up or down, depending upon t h e  
t e s t  be ing  performed. Even though runs of g r e a t e r  than  10  w a t t s  were 
obta ined ,  10  w a t t s  w a s  t h e  maximum repea tab le  h e a t  f l u x  be fo re  "burn 
out" occurred.  
After sta- 
Since t h e  time cons tan t  of t he  h e a t e r  assembly and, i n  p a r t i c u l w ,  
t h e  h e a t e r  aluminum disk  temperature  were l a r g e  (approximately seven 
minutes f o r  63.2% response o f  s teady  s ta te  for t h e  aluminum d i s k ) ,  t he  
"burn out" wat tage w a s  , at first, d i f f i c u l t  t o  determine experimental ly .  
When a given h e a t  i n p u t  w a s  maintained f o r  at least  1 0  t o  15 minutes,  
10 watts was t h e  maximum maintainable  inpu t  wat tage.  
above 10 w a t t s ,  t he  h e a t e r  aluminum disk temperature  cont inued t 9  i n -  
crease wi thout  reaching  a s t eady  s ta te  value.  
t h a t  t h e  c i r c u l a r  s e c t i o n  of Refrasil a t t ached  t o  t h e  aluminum d i s k  
began t o  dry ou t .  Then t h e  aluminum d i s k  temperature could cont inue 
t o  i n c r e a s e  and begin t o  d iverge  over  t h e  s u r f a c e  o f  t h e  d i s k .  
A t  wat tage inpu t s  
This fact  would i n d i c a t e  
4 . 3  NORMAL TEST RUN 
After i n i t i a l  charging of t h e  wicking chamber, t h e  h e a t  p ipe  con- 
t i n u e s  t o  ope ra t e  u n t i l  e i t h e r  non-condensible gases  c o l l e c t  at t h e  con- 
denser  s u r f a c e  or both t h e  h e a t e r  and condenser ends are a t  t h e  same 
temperature .  
n o t  ope ra t ing ,  t h e  wicking chamber must  be  purged l i g h t l y .  
pipe should  be  allowed t o  ope ra t e  wi thout  adding h e a t  u n t i l  
ends are a t  t h e  same temperature .  Then t h e  main h e a t e r  should  be s e t  
If a temperature d i f f e r e n c e  e x i s t s  and t h e  h e a t  p ipe  is  
The h e a t  
both 
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a t  2 or 5 watts,  depending upon t h e  s i z e  i n p u t  change u t i l i z e d .  
temperature d i f f e r e n c e  between t h e  main and guard h e a t e r s  should  b e  
monitored continuously.  
temperature d i f f e r e n c e  i s  approximately ze ro  
ence should  b e  monitored and t h e  guard h e a t e r  a d j u s t e d  throughout t h e  
e n t i r e  t e s t  run. 
The 
Then t h e  guard h e a t e r  i s  a d j u s t e d  s o  t h a t  t h e  
The temperature d i f f e r -  
When t h e  h e a t e r  aluminum d i sk  temperature s t a b i l i z e s  , t h e  main 
h e a t e r  i n p u t  should  be inc reased  by the  2 or 5 w a t t  change r e q a i r e d .  
The guard h e a t e r  wattage should  a l s o  b e  inc reased  accord ingly  t o  mini- 
mize t h e  main t o  guard h e a t e r  temperature d i f f e r e n c e .  The va r i ance  of 
t h e  wicking chamber temperatures should b e  observed cont inuous ly .  When 
t h e  va r i ance  exceeds %'Cy t h e  chamber should  be  l i g h t l y  purged. If t h e  
temperatures do n o t  e q u a l i z e  w i t h i n  20 seconds a f t e r  t h e  purge,  t h e  
main h e a t e r  should  no longer  be  inc reased ,  for "burn out" i s  impending. 
A t  t h e  same t i m e ,  t h e  temperature o f  t h e  h e a t e r  aluminum disk  on t h e  
wicking chamber s i d e  should  be  observed. If t h e s e  f i v e  temperatures on 
t h e  d isk  continue t o  r ise  wi thout  reaching  a s t e a d y  s t a t e  va lue  or s ta r t  
d ive rg ing  from each o t h e r ,  "burn out" could  be impending. A t  "burn out" 
t h e s e  tempera tures  w i l l  cont inue  t o  d iverge  from each o t h e r  r e g a r d l e s s  
of t h e  amount o f  purging. 
a very g radua l  process .  
I t  is  t o  be  noted  t h a t  t h e  "burn out" can be 
S tep  down runs  o f  t h e  system were n o t  performed s u c c e s s f u l l y .  The 
h e a t  r e t e n t i o n  and t i m e  cons t an t s  o f  t h e  h e a t e r  assembly and aluminum 
d i sk  were t o o  l a r g e .  
After t h e  wick "burn out" ,  t h e  h e a t e r s  should  be  turned  o f f .  The 
wick must be  allowed t o  r e s a t u r a t e  be fo re  a d d i t i o n a l  tests can b e  run. 
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4.4  WICKING NATERIAL TESTS 
The wicking material, R e f r a s i l  #C100-28, used i n  t h e  h e a t  p ipe  
w a s  performance t e s t e d  o u t s i d e  t h e  h e a t  p ipe .  
apparatus  used i n  t h e s e  tests. The two o b j e c t i v e s  o f  t h e  tes ts  were t o  
o b t a i n  f l u i d  f r o n t  displacement and volume i n p u t  as func t ions  of  time 
da ta .  Then t h e  volume t r a n s p o r t  rate o f  t h e  wick f o r  any l eng th  w a s  
c a l c u l a t e d  i n  two ways. F i r s t ,  t h e  t r a n s p o r t  rate w a s  found us ing  t h e  
equa" cion ' 
Figure 8 shows t h e  t e s t  
. 
v = AV 
where v is  t h e  volume t r a n s p o r t  rate,  A i s  t h e  measured c ross  sec t ion -  
a l  area of t h e  wick, and V is t h e  v e l o c i t y  o f  t h e  w e t t i n g  f r o n t .  The 
V term was determined by d i f f e r e n t i a t i n g  t h e  displacement-t ime equat ion  
determined from Fig.  9 .  Second, t h e  volume t r a n s p o r t  rate w a s  de t e r -  
mined by summing t h e  t o t a l  volume inpu t  t o  t h e  wick over  a given 
length .  When t h i s  t o t a l  volume was d iv ided  by t h e  t o t a l  e lapsed  t i m e ,  
t h e  volume flow rate f o r  a wick o f  one-half  t h e  t o t a l  wick l eng th  used 
was determined. 
ve r se ly  p , ropor t iona l  t o  t h e  t o t a l  wick l eng th .  
t h e  l eng th  of  wick d e s i r e d  can b e  s c a l e d  by mul t ip ly ing  by t h e  appro- 
Equation ( 8 )  shows t h a t  t h e  mass t r a n s p o r t  rate i s  i n -  
The volume rate f o r  
p r i a t e  r a t i o .  This  procedure f o r  s c a l i n g  t h e  volume t r a n s p o r t  rates 
f o r  d i f f e r e n t  wick lengths  w a s  app l i cab le  only t o  t h e  h o r i z o n t a l  wick 
conf igu ra t ions ,  as can be  seen  from Eq. ( 6 ) .  
The wicking test  appa ra tus ,  Fig.  8, cons i s t ed  of t h r e e  main ele- 
ments. F i r s t ,  t h e  d i s t i l l e d  water was s u p p l i e d  by a 100 m l  b u r e t t e ;  
a l l  excess  water d r ipp ing  from t h e  s a t u r a t e d  end o f  t h e  wick w a s  
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c o l l e c t e d  i n  a 50 m l  r e c e i v e r  b u r e t t e .  The t o t a l  volume t r a n s f e r r e d  
down t h e  wick at any t i m e  was t h e  d i f f e r e n c e  between t h e  readings  of 
t h e  supply and r e c e i v e r  b u r e t t e s .  Second, t h e  wick was supported on 
a 1 cm-square nesh s c r e e n ;  a 3 . 2  c m  i n s i d e  d iameter  p l e x i g l a s s  tube 
w a s  used t o  house t h e  e n t i r e  wick, except  €or t h e  area where t h e  water 
w a s  in t roduced .  
t i o n .  Before each t e s t ,  a s a t u r a t e d  w i c k  w a s  p laced  i n s i d e  t h e  tube 
f o r  s e v e r a l  hours i n  o r d e r  t o  s a t u r a t e  t h e  atmosphere t h e r e .  Th i rd ,  
p a i r s  of copper w i r e s  were a t t ached  t o  t h e  suppor t  s c reen  a t  every 
5 c m  d i s t a n c e  down t h e  length  of  t h e  wick .  The i n s u l a t i o n  w a s  removed 
from t h e  ends of a l l  t h e  wires and the  ends were then  i n s e r t e d  i n t o  
pores  i n  the  w i c k .  The wires i n  each p a i r  were s e p a r a t e d  by approxi- 
mately 1 c m  i n  a given cross  s e c t i o n  of t h e  w i c k  and each p a i r  of 
wires was sepa ra t ed  by a 5 c m  d i s t a n c e  down t h e  wick. All t h e  wires 
were connected t o  a 25-point thermocouple swi tch ;  t h e  main connection 
of  t he  swi tch  w a s  connected t o  an ohmmeter. When t h e  wick w a s  d ry ,  t h e  
ohmmeter i n d i c a t e d  an i n f i n i t e  r e s i s t a n c e  f o r  any p a i r  of vires.  
mediately af ter  t h e  pores  of t h e  wick occupied by a p a i r  of wires i n  
any c ross  s e c t i o n  were wet ted ,  t h e  r e s i s t a n c e  between wires changed 
(wi th in  approximately 2 sec)  from an i n f i n i t e  t o  approximately 1 M Q  
r e s i s t a n c e .  When one c ros s  s e c t i o n  was wet ted ,  t h e  thermocouple swi tch  
w a s  advanced t o  t h e  next  p a i r  o f  wires t o  d e t e c t  we t t ing  of t h e  wick a t  
t h e  nex t  5 c m  i n t e r v a l .  
wires,  a l l  readings  were taken.  The readings  included:  supply  and re- 
c e i v e r  b u r e t t e  volumes, t o t a l  d i s t a n c e  of  we t t ing  f r o n t  down t h e  wick, 
and t o t a l  e lapsed  t i m e  o f  t h e  tes t  measured us ing  a s t o p  watch. 
t h e  d i s t a n c e  and time d a t a ,  a graph (Fig.  9 )  w a s  cons t ruc ted .  
This  tube minimized l o s s e s  from t h e  wick by evapora- 
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Figure 9. Wick Performance Graph 
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Maximum test  wick width and l e n g t h  were 2 .5  e m  and 95 c m ,  r e s p e c t i v e l y ,  
f o r  t h e  test  appara tus  cons t ruc ted .  
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5. DISCUSSION 
For a "burn out" h e a t  f l u x  o f  1 0  w a t t s ,  which for t h e  Refrasil 
corresponds t o  0.594 watts p e r  ern width o f  wick, t h e  #C100-28 used 
volume t r a n s f e r  ra te  o f  water i n  t h e  Refrasil  wicking material re- 
q u i r e d  w a s  
k = 2 0.247 cm3/min , 
hfgP 
where 4 equals  t h e  "burn out" wattage transj'c bred and h i s  t h e  en- 
tha lpy  o f  evapora t ion  o f  water a t  26.7OC (80OF).  With a w i c k  c ros s  
s e c t i o n a l  area of 0.685 c m 2 ,  t h e  volume t r a n s f e r  ra te  p e r  u n i t  area 
becomes 0.361 cm3/rnin-cm2. 
tes ts  were w i t h i n  5OC of t h e  26.7OC temperature used f o r  t h e  calcu- 
l a t i o n s .  
fg  
The wicking chamber temperatures f o r  a l l  
From t h e  w i c k  performance tests on t h e  Refrasil #C100-28, t h e  
volume flow rates per area were 0.299 t o  0.424 cm3/min-cm2. 
lower va lue  w a s  determined from t h e  volume i n p u t  measurements, where- 
as t h e  upper va lue  came from v e l o c i t y  c a l c u l a t i o n s  on t h e  t e s t  d a t a  
(Fig.  8 ) .  This wicking material w a s  unused. 
The 
Another w i c k  performance t e s t  was conducted on t h e  a c t u a l  wick 
used i n  t h e  h e a t  p ipe .  
than  t h e  volume t r a n s p o r t  rates p e r  cm2 area for t h e  unused material; 
t h e  va lues  were 0.163 t o  0.229 cm3/min-cm2 for volume and v e l o c i t y  
c a l c u l a t e d ,  r e s p e c t i v e l y .  This decrease  i n  wicking c a p a b i l i t y  could  
be due p r i m a r i l y  t o  wick contamination du r ing  t h e  f o u r  months wh i l e  
it was used i n  t h e  h e a t  p ipe .  The used wick had acqui red  a yellow- 
The r e s u l t s  i n d i c a t e d  approximately 45% less 
brown appearance i n  c o n t r a s t  t o  t h e  white c o l o r  o f  t h e  unused wick. 
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References C6l and C71 g ive  water  flow rates through h o r i z o n t a l  
w i c k s  f o r  d i f f e r e n t  specimens of Refrasil .  When s c a l e d  t o  t h e  81.9 c m  
length  used i n  t h i s  h e a t  p ipe ,  t h e  volume t r a n s f e r  rates p e r  em2 area 
from C61 were 1 .39  and 2.82 cm3/min-cm2 for t h e  0.954 and 0.635 c m  
diameter  s l e e v i n g ,  r e s p e c t i v e l y .  These values  are from 365% t o  567% 
g r e a t e r  t han  t h e  wicking tests performed by t h e  au thor .  The r e s u l t s  
o f  [7] l i e  between t h e  d a t a  of  C61 and those  obta ined  i n  t h i s  work. 
There are t h r e e  main reasons f o r  l a r g e  v a r i a t i o n s  i n  l i q u i d  transfer 
rates. 
d i f f e r e n t  pore  s i z e  than  t h e  samples used by t h e  o t h e r  au thors .  
shown i n  E q s .  ( 6 )  and ( 7 ) ,  t h e  pore r ad ius  i s  one o f  t h e  independent 
v a r i a b l e s  f o r  t h e  mass o r  volume flow rates. Second, t h e  s l eev ings  were 
f l a t t e n e d  f o r  t h e  h o r i z o n t a l  tests i n  t h e  previous r e fe rences .  The 
i n t e r a c t i o n  o f  t h e  touching s u r f a c e s  of t h e  i n s i d e  diameter  may have 
caused e r r o r s  i n  t h e  t r a n s p o r t  rate. Th i rd ,  i n  E61 t h e  water was re- 
moved from t h e  end o f  t h e  wick by adding h e a t  from a gas burner .  
a d d i t i o n  of  h e a t  m e a t e d  a l a r g e  temperature  rise and a r e s u l t i n g  
p o s s i b l e  20% change i n  t h e  s u r f a c e  t ens ion  of  t h e  water. 
face t ens ion  i s  t h e  main pumping p res su re ,  t he  temperature  rise could 
cause e r r o r  i n  the  t r a n s f e r  rate. Figure 8 shows t h e  comparison among 
t h e  wicking materials. 
F i r s t ,  t h e  Refrasil  used i n  t h i s  experiment probably had a 
A s  
This 
Since sur- 
The exper imenta l  "burn out" transfer rate p e r  c m 2  area ( a t  10  w a t t s )  
o f  0 .361  cm3/min-cm2 l ies  w e l l  w i t h i n  t h e  range p r e d i c t e d  by t h e  
a u t h o r ' s  h o r i z o n t a l  wick performance tests. Actua l ly  t h e  exper imenta l  
value co inc ides  wi th  t h e  average of t h e  p r e d i c t e d  rates f o r  t h e  unused 
R e f r a s i l  #C100-28 and w i t h i n  36% of t h e  upper p r e d i c t e d  value f o r  t h e  
used Refrasil #ClOO-28 .  
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The maximum vapor v e l o c i t y  i n  t h e  wicking chamber a t  "burn out" 
was approximately 446 cm/min. This  va lue  w a s  f a r  below t h e  speed o f  
sound i n  water vapor,  2.60 x lo6 cm/min a t  26.7OC. 
Reynolds number a t  "burn out" w a s  1 4 . 5 ,  i n d i c a t i n g  laminar flow. 
The corresponding 
If t h e  e n t i r e  c ros s  s e c t i o n a l  area o f  t h e  wick were capable  o f  
t r a n s p o r t i n g  l i q u i d  , t h e  water v e l o c i t y  i n  t h e  wick whi le  approaching 
"burn out" would b e  approximately 0 .361  c m / m i n .  Actual ly  much of  t h e  
area i s  n o t  capable  of t r a n s p o r t i n g  l i q u i d  due t o  t h e  presence  of t h e  
f i b e r s  of  t h e  Refrasil .  The mean v e l o c i t y  of t h e  l i q u i d  i n  t h e  w i c k  
probably would b e  approximately 2 t o  5 times t h a t  va lue  s t a t e d  above. 
A maximum value  of  1 .805  cm/min seems reasonable .  The corresponding 
maximum Reynolds number w a s  56.3 i n  t h e  w i c k  wi th  water a t  26.7OC. 
Usable d a t a  f o r  t h e  h e a t  f l u x  through t h e  aluminum d i s k s  were n o t  
ob ta ined .  Thermocouple p o i n t s  had been a t t ached  t o  t h e  aluminum d i sks  
wi th  epoxy f o r  t h e  purpose o f  ob ta in ing  both abso lu te  temperature  
readings  on t h e  d i s k s  and r e l a t i v e  temperatures  ac ross  t h e  d i s k s .  This  
r e l a t i v e  tempera ture ,  a long  wi th  t h e  a c c u r a t e l y  determined conduc t iv i ty  
o f  t h e  aluminum d i s k s ,  was t o  be used For  c a l c u l a t i n g  t h e  h e a t  f l u x .  
However, a t h i n  l a y e r  of  epoxy had been a p p l i e d  t o  t h e  ba re  thermo- 
couple wires b e f o r e  a t t a c h i n g  them t o  t h e  d i sks  i n  an e f f o r t  t o  pre-  
vent  e l ec t r i ca l  s h o r t i n g  o f  t h e  thermocouple w i r e s .  The epoxy d i d  in -  
deed p reven t  e l ec t r i ca l  s h o r t i n g ,  b u t  also in t roduced  a l a r g e  thermal  
r e s i s t a n c e .  This  r e s i s t a n c e  w a s  large enough t o  cause  e r r o r s  i n  t h e  
d i f f e r e n t i a l  temperature  o f  50 t o  1500%. The maximum d i f f e r e n t i a l  
temperature  times t h e  d i s k  conduc t iv i ty  y i e l d e d  a h e a t  f l u x  o f  up t o  
15 times greater than  t h e  h e a t  app l i ed  through t h e  main h e a t e r .  This  
measurement was obviously i n  e r r o r .  
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With t h e  system used, no t r a n s i e n t  temperature  l a g  from one end 
of  t h e  wicking chamber t o  t h e  o t h e r  end was observed dur ing  heat: i npu t  
changes. Apparently t h e  t i m e  cons tan ts  of t h e  h e a t  i n p u t  changes were 
much l a r g e r  than  t h e  temperature  equa l i z ing  t i m e  conskant of t h e  wick- 
i n g  chamber. 
chamber s i d e  of t h e  h e a t e r  aluminum disk  was approximately seven 
minutes for a 63.2% response of s teady  s ta te .  
The t i m e  cons tan t  for t h e  temperature  on t h e  wicking 
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6 .  CONCLUSIONS 
The h e a t  p ipe  cons t ruc t ion  w a s  completed and i n i t i a l  experimental  
ope ra t ing  d a t a  were obta ined .  
watts. For t h e  Refrasil #C100-28 used, t h e  10 w a t t  "burn out" p o i n t  
corresponds t o  0.594 w a t t s  p e r  c m  width of t h e  wick. This  va lue  w a s  
w e l l  w i t h i n  t h e  power l e v e l  of  8 .27 t o  11.8 watts p red ic t ed  from hori- 
z o n t a l  wicking tests performed on t h e  Refras i l  #C100-28. 
The maximum h e a t  t r a n s p o r t  rate was 10 
Both vapor 
and l i q u i d  flows i n  t h e  wicking chamber were found t o  be laminar .  
Usable temperature  drops across  t h e  aluminum d i s k s  were no t  ob- 
t a i n e d ;  temperature  var iances  wi th in  t h e  wicking chamber were found t o  
b e  c o n s i s t e n t l y  less than  %OC over  t h e  e n t i r e  81.9 c m  wick length .  
With t h e  system used,  no t r a n s i e n t  temperature  l a g  from one end of t h e  
wicking chamber t o  t h e  o t h e r  end was observed dur ing  h e a t  i n p u t  changes. 
Apparently t h e  time cons tan t s  o f  t h e  h e a t  i npu t  changes were much lar- 
g e r  than  t h e  temperature  equa l i z ing  t i m e  cons t an t  of t h e  wicking chamber. 
During t h i s  i n i t i a l  t e s t i n g ,  many problems were encountered. Most 
of  them were so lved  during t h e  tes t  runs and t h e  main ope ra t ing  para-  
meters o f  t h e  h e a t  p ipe  system were determined. Perhaps t h e  most i m -  
p o r t a n t  fact o f  t h e  i n i t i a l  t e s t i n g  w a s  t h e  r e s u l t i n g  c loseness  o f  t h e  
exper imenta l  "burn out" t o  t h a t  p red ic t ed  from h a r i z o n t a l  wicking tests 
performed by t h e  au thor .  
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7. RECOMMENDATIONS 
7 . 1  HEAT PIPE MODIFICATIONS 
1. A new wicking cage should  be made. Narrow suppor ts  f o r  lo- 
c a t i n g  t h e  wicking material should  be provided a t  a 10 t o  1 2  e m  spac ing .  
If t h e  cage is made s o l i d  (nonadjus tab le) ,  a t tachment  o f  t h e  wicking 
material may b e  f a c i l i t a t e d  g r e a t l y .  
2 .  Since high temperature  b u i l d  up w a s  encountered around t h e  
h e a t e r  pack,  s e v e r a l  of t h e  mica s h e e t s  and t h e  copper d i s k  should be 
removed from between t h e  main h e a t e r  and t h e  h e a t e r  aluminum d i s k .  With 
less thermal  i n s u l a t i o n ,  a g r e a t e r  h e a t  f l u x  could b e  r e a l i z e d  wi th  less 
t e mp e ra t  ure  d i f f e r en  ti a1 . 
3 .  S p e c i a l  thermocouple wires should  be used. These wires should  
have measuring p o i n t s  coated wi th  material having high e lec t r ica l  and 
low thermal  r e s i s t a n c e s .  The s p e c i a l  wires could be p laced  on each 
s i d e  of  t h e  aluminum d i s k s  t o  accu ra t e ly  measure t h e  d i f f e r e n t i a l  t e m -  
pe ra tu re  drops.  With t h e s e  temperature  measurements, accurate va lues  
f o r  t h e  a x i a l  h e a t  f l u x  could be ca l cu la t ed .  
4 .  A s m a l l  needle  valve should b e  i n s e r t e d  on t h e  manifold be- 
tween t h e  vacuum system and t h e  wicking chamber. 
v ide  f i n e  c o n t r o l  f o r  purging non-condensibles from t h e  wicking chamber. 
This  valve would pro- 
5. During reassembly of  t h e  e n t i r e  h e a t  p i p e ,  s p e c i a l  care 
should b e  taken t o  double check a l l  j o i n t s  f o r  p o s s i b l e  leaks. After 
assembly of t h e  h e a t  p ipe ,  a l l  j o i n t s  should  be  coated wi th  s e v e r a l  
t h i n  l a y e r s  of  "Glyptol" ar i ts  equiva len t .  
6 .  The wicking chamber o f  t h e  h e a t  p ipe  should b e  evacuated t o  
mm of Hg. be fo re  charging t h e  chamber wi th  water. about lo-* t o  
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When evacuated,  t h e  chamber should be charged wi th  approximately 100 
t o  150 mi l l i l i t e r s  of  d i s t i l l e d  water. Over 150  m i l l i l i t e r s  of water 
may r e s u l t  i n  an excess ive ly  l a r g e  pool  o f  l i q u i d  on t h e  bottom o f  t h e  
wicking chamber. 
charge should  be  changed p ropor t iona te ly .  
If t h e  h e a t  p ipe  l eng th  is changed, t h e  amount of 
7.2 W I C K I N G  MATERIAL TESTING 
Wicking material t e s t i n g  experiments should be continued t o  de t e r -  
mine the  volume t r a n s p o r t  q u a l i t i e s  of d i f f e r e n t  wicking materials. 
The experiment should  be c a r r i e d  o u t  under cons t an t  temperature  con- 
d i t i o n s .  
wick  , s i n c e  t h e  e l eva ted  temperature  may change t h e  s u r f a c e  t ens ion  
and v i s c o s i t y  of t h e  working f l u i d .  If obta ined  wi th  h e a t i n g ,  t h e  
d a t a  may n o t  r e p r e s e n t  t h e  t r u e  ope ra t ing  condi t ions  i n s i d e  t h e  h e a t  
p ipe .  
A burner  should  no t  b e  used a t  t h e  evapora tor  end of  t h e  
7.3 FUTURE HEAT PIPE TESTS 
1. Test runs should  be  performed on s h o r t e r  l eng ths  of t h e  wick-  
i n g  chamber t o  determine what effect t h e  wick length  has  on t h e  "burn 
out" wat tage.  
f i e d .  
For t h e  h o r i z o n t a l  case Eq. ( 8 )  should  be f u r t h e r  ve r i -  
2. Flu ids  o t h e r  t han  water should b e  employed i n  t h e  wicking 
chamber t o  determine t h e i r  ope ra t ing  c h a r a c t e r i s t i c s .  These f l u i d s  
should then be compared t o  water f o r  p o s s i b l e  f u t u r e  a p p l i c a t i o n .  
3. Combinations of two d i f f e r e n t  f l u i d s  should  be employed i n  
t h e  wicking chamber. Compatibi l i ty  and o t h e r  ope ra t ing  c h a r a c t e r i s t i c s  
should be  determined f o r  a l l  praetieaz combinations o f  t h e  f l u i d s .  
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4. A new h e a t  i n p u t  u n i t  wi th  a s u f f i c i e n t l y  small t i m e  cons t an t ,  
s o  t h a t  t h e  t r a n s i e n t  phenomena i n s i d e  t h e  wicking chamber may b e  ob- 
se rved  du r ing  h e a t  i n p u t  changes, should  be  designed and b u i l t .  
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c r o s s - s e c t i o n a l  area of  w i c k  ( R 2 ) f *  
minimum c r o s s - s e c t i o n a l  area of wicking chamber ( !L2) 
a r b i t r a r y  cons t an t  ( M - R / t  1 
a c c e l e r a t i o n  o f  g r a v i t y  ( g / t 2 >  
l a t e n t  h e a t  of vapor i za t ion  o f  l i q u i d  ( q / M )  
wick pe rmeab i l i t y  (2') 
a c t u a l  length  of  wicking material ( R )  
m a s s  flow rate (M/t). 
c a p i l l a r y  pumping head ( F/R2 1 
g r a v i t a t i o n a l  head (F/R') 
l i q u i d  viscous d rag  (F/R') 
vapor p re s su re  drop ( F / R 2 )  
h e a t  t r a n s f e r  ra te  ( q / t )  
mean po re  r a d i u s  of wicking material ( 8 )  
e f f e c t i v e  pore  r a d i u s  of  wick a t  condenser ( 2 )  
e f f e c t i v e  pore r a d i u s  o f  wick a t  evapora to r  (R) 
v e l o c i t y  ( R / t )  
volume flow rate ( t 3 / t >  
t o t a l  w i c k  width ( R )  
l i q u i d  con tac t  angle  i n  wick a t  condenser 
l i q u i d  con tac t  angle  i n  wick a t  evapora to r  
abso lu t e  v i s c o s i t y  of l i q u i d  (F - t /R2)  or (M/t-R) 
k inemat ic  v i s c o s i t y  o f  l i q u i d  or vapor (R2 / t )  
l i q u i d  d e n s i t y  ( W E 3 )  
"'Dimensions i n  parentheses  are: F - f o r c e ,  M - mass, R - l e n g t h ,  
q - h e a t  (F-R), t - t i m e .  
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l i q u i d  surface t e n s i o n  (F/R) 
a n g l e  between h e a t  p i p e  axis and g r a v i t a t i o n a l  f i e l d  
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APPENDIX A :  SAMPLE CALCULATIONS 
"Burn out" power r a t i n g  p e r  cm width  o f  wick (Refrasil  #C100-28): 
- =  Q lo watts = 0,594 watts/cm w 16.85 c m  
Required t r a n s p o r t  rate of water i n  t h e  Refrasil  f o r  a "burn 
out"  w a t t a g e  of  1 0  watts: 
Q = pvh 
f g 
Q =  
fg 
h =  
v =  
P =  
1 0  watts = 143.5 cal /min 
582 c a l / g  @ 26.7OC. 
vo 1 ume t r a n s  p o r t  rat  e 
1 g/cm3 @ 26.7OC. f o r  water 
143.5 ca l /min  
v -  
(582 c a l / g ) ( l  g/Cm3> 
= 0.247 crn3/min 
C r o s s - s e c t i o n a l  area o f  wick : 
A = ( t h i c k n e s s  ( w i d t h )  
t h i c k n e s s  = 0.016 i n .  = (4 .06)(10-2)  c m  
wid th  = 6.625 i n .  = 16.85 c m  
A = (4 .06) (10-2) (16 .85)  = 0.685 cma 
Required volume t r a n s p o r t  rate p e r  cm2 c r o s s - s e c t i o n a l  area: 
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- 0.247 cm3/min - - -  - 0.361 cm3/min-cm2 
A 0.685 cm2 
Avai lab l e  volume t r a n s p o r t  rates from h o r i  zon t a1 wicking  p e r f  orman ce 
tests : 
Wicking material: Refrasil #Cl00-28 
Wicking f l u i d :  d i s t i l l e d  water 
F l u i d  tempera ture :  2 6 . 7 O C .  
Unused material; 2.50 c m  wide ,  31.0 c m  l o n g  
1. C a l c u l a t e d  from volume i n p u t  measurements : 
. - t o t a l  volume - V (31 .0 /2  cm) t o t a l  time 
- 2.30 c m 3  
-, 
1 4 . 3 3  min 
= 0.1605 cm3/min 
- V - 0.1605 cm3/min 
A (15.5 cm) - (2 .50 cm) (4 .06) (10-2)  c m  
= 1 . 5 8  cm3/rnin-cm 2 
- ( 15.5 cm) (1 .58  cm3/min-cm2 
- ,  
V - 
A (81.9 c m )  (81.9 cm) 
= 0.299 cm3/min-cm2 
2. C a l c u l a t e d  from v e l o c i t y  which w a s  d e r i v e d  from d i s -  
placement  vs  t i m e  p l o t :  
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( 2 5 ' 0 ) 2  = 6 9 . 4  cm2/min ( u s i n g  e x p e r i m e n t a l  p o i n t )  k =  
9.00 
6 9 . 4 t  = x2 
dx 1 
d t  X 
V = - = 34.7 - cm/min 
34.7 - V = -- 0.424 cm/min 81.9 
= V = 0.424 cm/min = 0.424 cm3/min-cm2 A 
= 0.424 cm3/min-cm2 f o r  81.9 c m  wick l e n g t h  
Used material; 2.5 c m  wide,  80.0 e m  l o n g  
1. C a l c u l a t e d  from volume i n p u t  measurements : 
- t o t a l  volume 
V (40 .0  cm) t o t a l  t i m e  
- 6.40 c m 3  
188.5 min 
3.39 x cm3/min 
V - 3.39 x c m 3 /  min 
A ( 4 0 * 0  cm) (2 .50  cm)(4.06 X l o A 2  cm) 
- - 
= 0.334 cm3/min-cm2 
- (40.0 cmI(0.334 cm3/min-cm2) - V - 
A (81.9 cm) (81.9 c m )  
= 0.163 cm3/min-cm2 
43 
2. C a l c u l a t e d  from v e l o c i t y  which was d e r i v e d  from disp lacement  
vs t i m e  p l o t :  
, k t  = x2 log x = L 
l o g  k t  2 
= 37.6 cm2/min ( 6 0 . 0 ) 2  96.0 k =  
37 .6 t  = x2 
I / = - -  1 dx - 18.8 - cm/min 
d t  X 
18 8 v -  
A 81.9 V = -= 0 . 2 2 9  cm/min - _  
= 0.229 cm3/min-cm2 for 81.9 c m  wick l e n g t h  
L i q u i d  v e l o c i t y  i n  wick as a c q u i r e d  from t h e  r e q u i r e d  volume 
t r a n s p o r t  rate,  also assuming t h a t  e n t i r e  wick area was c a p a b l e  
of t r a n s p o r t i n g  l i q u i d :  
V V - = 0.361 cm3 /min-cm2 A 
= 0.361 cm/min 
If  actual wick area for t r a n s p o r t i n g  l i q u i d  w a s  approximate ly  
1 /5  t o t a l  area, A ,  due t o  t h e  Refrasi l  f ibers :  
= 5V = 5(0.361 cm/min) "(max) 
= 1.805 cm/min 
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Maximum Reynolds number o f  l i q u i d  flow i n  wick based on L * max * 
L 
nax V 
= assumed t o  b e  t o t a l  wick width 
- 16.85 c m  
= 0.540 cm2/min a t  26.7OC f o r  l i q u i d  
max - - max L - -  R e  
V 
- (16.85 cm)(1.805 cm/min) 
(0.540 cm2/min) 
= 56.3 for water i n  wick at 26.7OC. 
Maximum vapor v e l o c i t y  i n  t h e  wicking charriber as acqui red  from 















s p e c i f i c  volume o f  vapor 
s p e c i f i c  volume o f  ' f l u i d  
v ( s p e c i f i c  volume) 
A ( s p e c i f i c  volume)fluid 
vapor 
C 
= vapor volume t r a n s p o r t  
V . 
v = f l u i d  volume t r a n s p o r t  
A 2 1 . 8  cm2 




(0.247 cm3/min)(633.7) @ 26.70c. v =  max 
(21.8 c m 2  ) (0.0161) 
= 446 cm/min 
Reynolds number o f  vapor flow i n  the  wicking chamber, based on Lmax: 
L 
max = -  R e  max V 
= dewar diameter  
= 7.62 c m  




- (7 .62 cmI(446 cm/rnin) 
(234 cm /min) 
Re max 
= 14.5 for  water vapor @ 26,7OC. 
